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Transcription through the immunoglobulin switch (S) region produces a non-coding RNA that guides the enzyme AID to DNA in a sequencespecific manner to promote antibody class switch recombination.
INTRODUCTION
Following antigen receptor assembly, mature B cells home to peripheral lymphoid organs where they encounter antigens and undergo immunoglobulin (Ig) heavy-chain (Igh) class switch recombination (CSR). CSR is a deletional-recombination event that exchanges the default Cm constant region gene (C H ) for one of several downstream C H segments (C g , C ε , or C a ). The reaction proceeds through the introduction of DNA double-strand breaks (DSBs) into transcribed, repetitive DNA elements, called switch (S) regions that precede each C H gene segment. End joining of DSBs between a donor (Sm) and a downstream acceptor S region deletes the intervening DNA and juxtaposes a new C H gene to the variable region gene segment. The B cell thereby ''switches'' from expressing IgM to one producing IgG, IgE, or IgA, with each secondary isotype having a distinct effector function during an immune response (Matthews et al., 2014) .
The single-strand DNA-specific cytidine deaminase activation-induced cytidine deaminase (AID) is essential for CSR (Muramatsu et al., 2000; Revy et al., 2000) . AID deaminates cytosines within transcribed S regions (Chaudhuri et al., 2003; Maul et al., 2011) , and the deaminated DNA engages the ubiquitous baseexcision and mismatch repair machineries to generate DSBs that are required for CSR (Petersen-Mahrt et al., 2002) . A failure to efficiently recruit AID to S regions impairs CSR (Nowak et al., 2011; Pavri et al., 2010; Xu et al., 2010) . Conversely, mistargeting of AID activity to non-Ig genes has been implicated in chromosomal translocations and pathogenesis of B cell lymphomas (Nussenzweig and Nussenzweig, 2010; Pasqualucci et al., 2008) . While AID is phosphorylated at multiple residues, including at serine-38, phosphorylation is not required for DNA binding (Matthews et al., 2014) .
Thus, the molecular mechanisms by which AID is specifically targeted to S regions continue to be an active area of investigation. Transcription through S regions is essential for CSR and is closely linked to the mechanism by which AID specifically binds and gains access to S regions during CSR (Matthews et al., 2014) . Each of the C H genes is organized as individual transcription units comprising of a cytokine inducible promoter, an intervening I-exon, S region, and C H exons. Splicing of the primary transcript joins the I-and C H exons to generate a non-coding mature transcript and releases the intronic switch sequence. Transcription through S regions, 1-to 12-kb-long repetitive DNA elements with a guanine-rich non-template strand, predisposes formation of RNA:DNA hybrid structures such as R-loops that expose single-stranded DNA substrates for AID (Matthews et al., 2014) . Germline transcription is also required for the binding of AID at S regions through the ability of AID to interact with components of RNA polymerase II (Nambu et al., 2003; Pavri et al., 2010) . Both R-loop formation and RNA polymerase-II-mediated recruitment of AID relies on the process of transcription, but the role of germline switch transcripts themselves in the recombination reaction has yet to be identified.
Several intriguing reports have suggested that germline switch transcripts might have mechanistic roles in CSR. Deletion of the Ig1 exon splice donor site, which inhibits splicing of the primary switch transcripts, specifically abrogated CSR to IgG1, even though transcription through Sg1 was unaffected (Lorenz et al., 1995) . Additionally, increasing levels of Sa transcripts by expression from a plasmid enhanced CSR to IgA in a cell line (Mü ller et al., 1998) . Furthermore, while neither the specificity of the interaction nor the physiological significance of the binding was ascertained, AID was shown to bind various RNA in vitro, including tRNA and RNA from insect cells (Bransteitter et al., 2003; Dickerson et al., 2003) suggesting that RNA:AID interactions might be relevant for CSR. Finally, AID was also shown to preferentially mutate small RNA genes when expressed in yeast in a manner that suggests RNA might have a role in its recruitment (Taylor et al., 2014) . Interestingly, RNA-guided processes have been shown to regulate DNA rearrangements in ciliates (Mochizuki et al., 2002; Nowacki et al., 2008) and to localize proteins to specific parts of the genome to modify chromatin (Tsai et al., 2010; Zhao et al., 2008) . Switch RNAs are complementary to the S region DNA templates and would be ideal to provide specificity as a targeting factor to guide AID to its target DNA (S regions) during CSR. Thus, these observations led us to examine the possibility that switch transcripts can serve as molecular guides that target AID to S region DNA during CSR.
RESULTS
Switch RNA Binds AID For switch transcripts to serve as targeting factors for AID, we reasoned that switch RNAs and AID may interact and therefore examined this notion in a series of RNA pull-down assays. Purified biotinylated in vitro transcribed (IVT) RNAs were allowed to fold into secondary/tertiary structures and examined for their ability to interact with AID present in extracts of CH12 cells stimulated for CSR. The mouse CH12 B lymphoma cell line switches at a high frequency from IgM to IgA with anti-CD40, interleukin 4 (IL-4), and transforming growth factor b (TGF-b) (henceforth referred to as CIT) stimulation and has been used as a model system to study CSR (Nowak et al., 2011; Pavri et al., 2010) . As sense and anti-sense transcription have been reported through the S regions (Perlot et al., 2008) , both sense (forward, F) and anti-sense (reverse, R) switch transcripts were analyzed in this assay. Sense switch m (SmF) and switch a (SaF) RNAs specifically bound AID, while their anti-sense counterparts (SmR, SaR) did not ( Figure 1A ). Neither brain cytoplasmic RNA (Bc1), which has been described to form complexes with proteins (Zalfa et al., 2003) , nor a fragment of RNA derived from one of the GAPDH introns associated with AID ( Figure 1A ). In contrast, interaction of these transcripts with Apobec3, a member of the cytidine deaminase family, was not detected ( Figure 1A ). An RNA dot-blot assay showed that all RNAs were recovered by streptavidin beads at comparable levels ( Figure 1A ). To assess the interaction between switch RNA and AID in vivo, we generated CH12 cells that stably express Sa transcripts in either orientation (SaF or SaR) with an S1 tag, an RNA aptamer with affinity for streptavidin (Srisawat and Engelke, 2001 ). S1-tagged RNA from CIT-stimulated cells was recovered on streptavidin beads and probed for AID ( Figure 1B ). AID only co-purified with S1SaF RNA, even though more S1SaR RNA was recovered ( Figure 1B ). Apobec3 did not co-purify with either of the Sa Figure 1 . Switch RNA Can Bind AID (A) In-vitro-transcribed (IVT) telomeric and switch RNAs bind to AID. IVT biotinylated RNAs were folded and incubated with whole-cell extracts from stimulated CH12 cells, followed by pull-down with streptavidin beads. Proteins recovered were analyzed by immunoblot with AID or Apobec3 antibodies, while bound RNAs were analyzed by dot blot using streptavidin-HRP. Input RNAs were verified to be biotinylated by streptavidin-HRPnorthern blot. SmF, SaF, forward/sense switch m and a RNA; SmR, SaR; reverse/anti-sense switch m and a RNA. Result shown is representative of three independent pull-down experiments. (B) Switch RNA interacts with AID in vivo. CH12 cells stably expressing S1-aptamer tagged Sa transcripts, in either the forward/sense (S1SaF) or the reverse/anti-sense (S1SaR) orientation, were stimulated. Untagged SaF-and SaR-expressing cells were used as controls. The S1-aptamer tag has affinity for streptavidin and ribonucleoprotein complexes were isolated on streptavidin beads. RNA in the eluates was reverse transcribed and analyzed by qPCR (RT-qPCR) for amounts of Sa transcripts relative to S1SaF, while proteins in the eluates were analyzed by immunoblot. Result shown is representative of three independent pulldown experiments. transcripts ( Figure 1B) . Thus, switch RNA can bind to AID both in vitro and in vivo.
To determine the binding affinity between AID and switch RNAs, recombinant maltose-binding protein (MBP)-tagged mouse AID was purified and its binding to SmF RNA was examined. Consistent with the interactions observed with cell extracts, in vitro binding assays showed that MBP-AID associated with SmF ( Figure 1C ), indicating that the AID:RNA interaction is direct. As switch RNA molecules appeared to form large extensive structures that did not migrate into even low percentage gels, K d values for the interaction between AID and RNAs could not be determined using conventional gel-shift assays. We therefore examined the relative binding affinities in competition assays. Inhibition of binding can be achieved in the nanomolar range (SmF, $4-5 nM; SaF, $5-50 nM) ( Figure 1C ), suggesting that these interactions are highly specific and would likely have a physiological role.
G-Quadruplex Structures in Switch RNA
Interestingly, AID also co-purified with telomeric RNA ( Figure 1A ), which like switch transcripts, is G rich and consists of repetitive sequences (Azzalin and Lingner, 2007) . Competitive binding experiments indicate that the affinity of AID for telomeric RNA is comparable to the binding affinities for sense switch RNAs (relative affinities, SmF > telomere > SaF) ( Figure 1C ). This suggests that AID can associate with sense switch RNAs and similarly G-rich, repetitive RNAs through secondary and/or tertiary structures that are common to these transcripts. Nucleic acid sequences that are rich in guanine tracts can form G-quadruplex structures, wherein guanine residues are arranged in a planar conformation through Hoogsteen base-pairing interactions to form a four-stranded structure that is highly stabilized by a central K + ion, but to a much lesser extent by Li + (Lane et al., 2008; Sen and Gilbert, 1988; Williamson et al., 1989) . Indeed, similar to telomeric RNA, computational analysis indicates that sense switch RNA sequences have strong G-quadruplex forming potential, while their anti-sense counterparts Bc1 and GAPDH intron do not (Figure 2A ).
To assess whether switch RNAs can form these higher-order G-quadruplex structures, we used a synthetic RNA oligonucleotide representing four Sm repeats in tandem (Sm4G) ( Figure 2B ). Analysis of Sm4G mobility by gel electrophoresis showed that it migrated as a single species under denaturing conditions but as a higher molecular weight smear under native conditions (Figure 2C) , indicating the formation of higher-order RNA structures. These higher-order structures were lost when Sm4G was folded in the presence of Li + ( Figure 2C ). Similar to what was observed for the longer $1 kb SmF IVT RNA ( Figure 1A ), Sm4G interacted with AID from extracts of CIT-stimulated CH12 cells in the RNA-binding assays ( Figure 2D ). In comparison, no binding of Sm4G to Apobec3 was observed in this assay ( Figure 2D ). Strikingly, when Sm4G was folded in the presence of Li + , the interaction with AID was lost. In addition, a mutant form of Sm4G containing G-to-C mutations that abolished the tandem guanine tracts (Sm4Gmut) ( Figure 2B ) also did not bind AID (Figure 2D ). Furthermore, in CH12 cells that stably expressed either S1-tagged Sm4G or Sm4Gmut transcripts, endogenous AID interacted with Sm4G but not with Sm4Gmut RNA (Figure 2E ), Taken together, these results suggest that switch RNAs can form Gquadruplexes and may bind AID through these structures.
To further demonstrate the ability of switch RNA to form Gquadruplex structures, we performed circular dichroism spectroscopy. Sm4G, but not Sm4Gmut, displayed the characteristic spectrum of parallel G-quadruplexes (Kumari et al., 2007; Xu et al., 2008) , with a positive peak at $260 nm and a negative peak at $240 nm, both of which are reduced in the presence of Li + ( Figure 2F ). These results are consistent with that observed for the well-characterized G-quadruplex-forming C9orf72 hexanucleotide repeat expansion (HRE) RNA (Haeusler et al., 2014 ) ( Figure S1A ). This signature spectrum was also evident in SmF RNA indicating that it also forms parallel G-quadruplexes, while SmR showed shifts in peaks to wavelengths of 270 and 233 nm that are not typical of these structures (Figure 2F ). Formation of G-quadruplex structures was additionally verified in a ligand-binding colorimetric assay that is based on the ability of G-quadruplexes to bind hemin (Li et al., 2013) . Gquadruplex:hemin complexes exhibit peroxidase-like activity that is detected as a green coloration when exposed to substrate ( Figure S1B ). This can be measured as an absorbance signal upon a spectral scan from 400 to 500 nm (Li et al., 2013) with a maxima at 420 nm as seen for the known G-quadruplex-forming C9orf72 HRE RNA (Haeusler et al., 2014) (Figure S1C) . In this assay, Sm4G RNA, when folded in the presence of K + also showed the characteristic absorbance maxima at 420 nm, which was clearly reduced when Sm4G RNA was folded in the presence of Li + ( Figure 2G ). Sm4Gmut RNA did not exhibit any detectable absorbance signal above the buffer control ( Figure 2G ). Similar to Sm4G, SmF also exhibited the characteristic absorbance maxima at 420 nm that was greatly reduced for SmR ( Figure 2G ). Finally, the biotinylated Sm4G used in the in vitro interaction experiments also exhibited G-quadruplex forming ability (Figures S1D and S1E). Taken together, these data strongly suggest that switch RNA can form G-quadruplexes and these structures might mediate the interaction with AID.
AID(G133V) Does Not Bind Switch RNA and Cannot Mediate CSR Next, we investigated the G-quadruplex binding domain in AID.
No RNA-binding domain in AID has been described; however, sequence alignment revealed that amino acids 130-138 of mouse AID shares some sequence homology with the RNAbinding domain of the well-characterized G-quadruplex RNAbinding protein RHAU (Creacy et al., 2008; Vaughn et al., 2005) ( Figure S2A ). Mutations of the two glycine residues to proline in RHAU greatly reduced its binding to G-quadruplex RNA (Lattmann et al., 2010) . Likewise, mutation of the corresponding glycine-133 and glycine-137 in mouse AID to prolines completely abolished the ability of AID to restore CSR when expressed in AID-deficient mouse splenic B cells ( Figures S2B-S2D ). Furthermore, a G133V mutation in AID has been identified in two hyperIgM patients with severe CSR defects (Mahdaviani et al., 2012) . As proline mutations can be disruptive to overall protein structure, and that the glycine-133 residue is conserved in AID across all species, mouse AID with the less bulky G133V mutation was characterized further.
Recombinant MBP-tagged wild-type (WT) and G133V mouse AID were purified ( Figure 3A ) and assessed for their ability to interact with switch RNAs. MBP-AID(G133V) was substantially impaired in its ability to bind switch RNAs compared to MBP-AID(WT) ( Figure 3B ), providing further support that the AID:RNA interaction is specific and direct. To determine whether the failure to bind switch RNA is due to a general misfolding of MBP-AID(G133V), we carried out deamination assays on single-stranded DNA (ssDNA) substrates. While mouse AID is known to display weak deaminase activity in vitro (Chaudhuri (A) Sense switch RNAs and telomere RNA are predicted to form G-quadruplex structures. QGRS Mapper software was used to assess the G-quadruplex forming potential of the RNA sequences. The probability of G-quadruplex structure formation is reported as a G-score and represented over the corresponding regions in blue.
(B) Sequences of synthetic RNA oligonucleotides. Sm4G, four Sm repeats in tandem; mutant Sm4G (Sm4Gmut), with G-to-C mutations that abolish guanine tracts. Guanine tracts in Sm4G and corresponding regions in Sm4Gmut are underlined. (C) Sm4G was resolved on a denaturing gel, or folded in either KCl-or LiCl-containing buffer and resolved on a native gel, and stained with SYBR GOLD following electrophoresis. (D) Sm4G associates with AID while Sm4Gmut does not. RNA pull-down was performed with biotinylated Sm4G and Sm4Gmut (folded in either KCl-or LiClcontaining buffer) and stimulated CH12 extracts. Recovered proteins were analyzed by immunoblot and bound RNAs by streptavidin-HRP blot. Result shown is representative of three independent pull-down experiments. (E) Sm4G interacts with AID in vivo. CH12 cells stably expressing S1-aptamer tagged Sm4G or Sm4Gmut transcripts were stimulated and ribonucleoprotein complexes were isolated on streptavidin beads. CH12 cells expressing anti-sense S1Sm4G, which is unable to bind streptavidin, were used as control. RNA in the eluates was analyzed by RT-qPCR for amounts of exogenous transcripts relative to S1Sm4G, while proteins in the eluates were analyzed by immunoblot. Result shown is representative of two independent pull-down experiments. (F) Circular dichroism (CD) analysis of G-quadruplex structures. CD spectra of Sm4G, Sm4Gmut, SmF, and SmR RNAs (folded in either KCl-or LiCl-containing buffer). Wavelengths of observed peaks are indicated. Peaks characteristic of parallel G-quadruplexes are (positive, $260 nm; negative, $240 nm). (G) Colorimetric assay of G-quadruplexes. RNAs were folded and incubated with hemin. G-quadruplexes bind hemin and the resultant complex exhibits peroxidase-like activity, which can be detected as an increase in absorbance around 420 nm when substrate is added (Haeusler et al., 2014; Li et al., 2013) . See also Figure S1 . et al., 2003) , the activity of MBP-AID(G133V) was comparable to MBP-AID(WT) ( Figure 3C ). Additionally, the ssDNA binding ability of MBP-AID(G133V) was similar to the wild-type protein (Figure 3D) . Thus, the defect in RNA binding is unlikely to be due to general loss of the structural integrity of the MBP-AID(G133V) protein.
To determine the functional relevance of AID(G133V) in CSR, the mutant protein was expressed in AID-deficient splenic B cells. AID(G133V) was expressed at similar levels as AID(WT) ( Figure 3E ) and was present in the nucleus at comparable levels ( Figure S2E ), once again suggesting that the mutation did not have a gross effect on protein structure. Strikingly, AID(G133V) was completely inactive in inducing CSR in AID-deficient B cells. While AID(WT) resulted in CSR in over 20% of the transduced cells, CSR in AID(G133V)-expressing cells was similar to that of the vector control ( Figures 3F and 3G) . Expression of AID(G133V) did not adversely affect the level of germline switch transcripts compared to AID(WT) ( Figure S2F ). To assess whether impaired CSR is due to reduced ability of AID(G133V) to bind DNA, chromatin immunoprecipitation (ChIP) was carried out with an AID antibody that can immunoprecipitate both wildtype and mutant proteins equally ( Figure S2G ). The ChIP experiments showed that AID(G133V) was significantly impaired in its ability to bind S region DNA ( Figure 3H ). While AID(WT) efficiently (H) Localization of AID proteins to S regions was determined by ChIP, using AID or H3 antibodies. Sm and Sg1 DNA in ChIP samples was measured by qPCR, normalized to input DNA and the AID(WT) control. The mean of three independent experiments ±SD is shown. See also Figure S2 .
associated with Sm and Sg1 (the two S regions that recombine upon anti-CD40 plus IL-4 stimulation), binding of AID(G133V) to these S regions was profoundly reduced ( Figure 3H ). Neither the wild-type, nor mutant AID protein associated with the control non-target locus Cg1 region ( Figure S2H ). The binding of histone H3 remained unaltered ( Figure 3H ; Figure S2H ), demonstrating the specificity of the ChIP assays. This indicates that the failure of AID(G133V) to mediate CSR is due to a loss of binding to S region DNA. It is interesting to note that despite the abundance of telomeric RNA in splenic B cells ( Figure S2J ) and the ability of AID to interact with telomeric RNA in vitro ( Figure 1A ), AID did not bind telomere DNA ( Figure S2I ), probably because the telomeres are protected by a large number of proteins and tightly packed into heterochromatin, which might render them inaccessible to AID. Overall, the observation that a point mutation in AID that impairs its ability to bind G-quadruplex RNA also markedly reduces its ability to bind DNA strongly supports the notion that switch RNAs can guide AID to DNA.
Debranching of RNA Lariats Is Required for CSR
The direct association of AID with switch (or ''guide'') RNAs, and the defect in CSR when the interaction is impaired, led us to hypothesize that perturbations to the processing of germline switch transcripts could interfere with the generation of the guide RNAs that recruit AID to S region DNA. As S region sequences lie within the intronic region of the germline switch transcripts, we tested this hypothesis by depleting the lariat debranching enzyme, DBR1, to perturb the processing of the switch RNAs without affecting transcription and splicing, upstream events that are known to be important for CSR (Matthews et al., 2014) . DBR1 is responsible for debranching intronic lariats by catalyzing the hydrolysis of the 2 0 ,5 0 -phosphodiester bond at the branchpoint (Arenas and Hurwitz, 1987; Ruskin and Green, 1985) . We generated DBR1 ''gene-trapped'' mice in which a truncated, non-functional, fusion protein, which is missing $80% of the DBR1 protein, is produced ( Figure S3A ). No live homozygous (DBR1 À/À ) mutant mice were obtained from breeding DBR1 +/À mice, indicating that DBR1 is required for embryonic development. However, DBR1 +/À splenic B cells activated for CSR exhibited a significant decrease in expression of full-length DBR1 mRNA ( Figure 4A ) with concomitant expression of the gene-trapped fusion mRNA ( Figure S3B ). DBR1 +/À B cells expressed similar levels of AID protein ( Figure S3C ) and germline transcripts (Figure S3D) , and proliferated at comparable rates ( Figures S3E  and S3F ) to DBR1 +/+ littermate controls. DBR1 +/À B cells stimulated ex vivo showed a small but significant reduction in CSR to IgG1 ( Figure 4B ; Figure S3G ). The CSR defect was rescued by expression of Xpress-tagged DBR1 (XpDBR1) (Figures 4C and  4D ). Exogenous expression of XpDBR1 did not affect levels of AID ( Figure 4C ) or germline switch transcripts ( Figure 4E ). Impaired CSR in DBR1 +/À B cells was accompanied by a slightly reduced, though not statistically significant, frequency of mutations in Sm ( Figure S3H ). Somatic hypermutation (SHM) in Peyer's patches B cells remained unaffected ( Figure S3I ). While these data suggest that DBR1 influences CSR, the relative difficulty of performing experimental manipulations in short-lived ex vivo cultured mouse splenic B cells, as well as the modest CSR and Sm mutation frequency defects in DBR +/À mice, led us to use the CH12 cell line as a model system to further elucidate the roles of switch RNAs in CSR. Knockdown of DBR1 was achieved in CH12 cells using small hairpin RNA (shRNA) ( Figure 5A ) and was accompanied by an increase in the RNA lariat levels of Sm ( Figure 5B ; Figure S4B ) and b-actin intron 3 ( Figures S4A and S4C ) as compared to the scrambled shRNA control, confirming a reduction in DBR1 enzymatic activity. When DBR1 knockdown cells were stimulated with CIT, we observed a significant reduction in CSR to IgA compared to control cells at all time points assayed by flow cytometry ( Figure 5C ) and by semiquantitative measurement of the Ia-Cm circle transcripts produced from the excised extrachromosomal DNA ( Figure S4D ). Levels of mature germline transcripts were not altered in DBR1 knockdown cells ( Figure S4E ), suggesting that transcription and splicing were not affected. DBR1 knockdown did not affect expression of AID mRNA ( Figure S4F ) or protein ( Figure 5D ). DBR1 knockdown cells proliferated at rates comparable to the scrambled control ( Figures S4G and S4H) . Thus, DBR1 knockdown significantly impaired CSR without affecting transcription, splicing of primary germline switch transcripts, AID expression, or proliferation.
To determine whether the CSR defect in DBR1 knockdown CH12 cells is due to impaired targeting of AID to S region DNA, ChIP assays were performed. DBR1 knockdown led to a significant reduction in AID localization ($5-fold) to both Sm and Sa, while the binding of histone H3 was unaffected ( Figure 5E ). AID did not associate with the control non-target locus Cg1 (Figure S5A) , demonstrating the specificity of the assay. The defect in the ability of AID to bind S regions in DBR1 knockdown cells was not due to altered stability or abundance of R-loops at S region DNA (Kao et al., 2013) (Figure 5F ; Figure S5B ). The localization of RNA polymerase II and Spt5 to S regions were unaffected by DBR1 knockdown (Figure S5C ), indicating that the loss of AID binding at S regions was not due to perturbations to these known factors of AID targeting (Pavri et al., 2010) . These data suggest that post-transcriptional factors (guide RNAs) facilitate AID targeting to S regions in addition to previously characterized cotranscriptional factors. It is noteworthy that DBR1 knockdown occasionally resulted in a more severe defect in CSR (Figure S5D) , which correlated with a larger reduction of AID localization (>100-fold) to S regions ( Figures S5E and S5F) . Despite the drastic loss of AID targeting in this instance, AID binding to S regions was not completely abrogated in DBR1 knockdown cells, as evident from the qPCR results that showed enrichment of Sm and Sa fragments in anti-AID ChIPs as compared to the non-specific IgG control ( Figure S5G ). Although it is unclear why the magnitude of the defect varies, DBR1 knockdown consistently led to a reproducible reduction in AID localization to S region DNA.
Expression of Switch RNA in trans Rescues CSR Defect in DBR1-Depleted Cells Given that DBR1 is responsible for debranching all intronic lariats in the cell, it remains to be determined whether the loss of AID targeting can be attributed to impaired processing of switch transcripts alone. To determine whether switch transcripts can guide AID to S region DNA during CSR, we expressed Sa transcripts in either the sense (exoSaF) or anti-sense (exoSaR) orientation in CH12 cells and examined whether these exogenous switch transcripts could rescue AID localization to S regions and CSR in DBR1 knockdown cells ( Figure 6A ). Exogenous Sa transcripts were readily detected ( Figure S6A ) and the cells expressed similar levels of AID upon CIT stimulation ( Figure S6B ). ChIP analyses showed that expression of exoSaF, but not exoSaR, restored binding of AID to endogenous Sa DNA ( Figure 6B ), despite exoSaR being expressed to higher levels than exoSaF ( Figure S6C ). The qPCR quantification in the ChIP analyses was performed using primers that detected the endogenous Sa locus, but not the exogenously transduced sequence, indicating that the observed results are a rescue of AID targeting to the endogenous Sa locus. Interestingly, neither exoSaF nor exoSaR could rescue AID localization to the non-complementary endogenous Sm DNA in DBR1 knockdown cells ( Figure 6C ), suggesting that switch RNAs can target AID to S region DNA in a sequence-specific manner. As expected from the selective rescue of AID localization to only the Sa DNA, exogenous expression of Sa transcripts could not restore CSR to IgA (Figure 6D) . Additionally, higher expression of exoSaR compared to exoSaF ( Figure S6C ) was not detrimental to CSR, as cells expressing exoSaR switched at a level comparable to cells expressing exoSaF and those infected with the empty vector control ( Figure 6D ).
The inability of exogenous Sa alone to rescue IgA levels suggests that restoration of AID targeting to both participating switch loci, Sm and Sa, is required before productive CSR to IgA can occur. To test this hypothesis, we transduced CH12 cells to co-express sense (forward: exoSmF + exoSaF) or anti-sense (reverse: exoSmR + exoSaR) transcripts of Sm and Sa ( Figure 7A ). Cells expressing exogenous switch transcripts were then knocked down for DBR1 expression ( Figure S6D ). DBR1 depletion increased lariat accumulation ( Figure S6E ) but did not affect steady-state levels of exogenous switch transcripts ( Figure S6F ) or AID expression ( Figure S6G ). Strikingly, co-expression of exoSmF and exoSaF transcripts significantly rescued switching to IgA in DBR1 knockdown cells ( Figure 7B ). In contrast, dual expression of exoSmR and exoSaR transcripts had no effect in restoring IgA levels in DBR1 knockdown cells ( Figure 7B ). Thus, expression of sense Sm and Sa transcripts together can functionally reconstitute CSR in cells where debranching of intronic RNA lariats was inhibited. It is interesting to note that co-expression of SmF and SaF transcripts was unable to increase switching to IgA in the absence of DBR1 knockdown (Figure 7B) . This suggests that endogenous guide RNAs are not limiting during CSR, or perhaps the rate of the switching reaction is at a maxima and the supply of exogenous guide RNAs could not increase CSR to IgA any further in these cells. Taken together, these data provide strong experimental support for a model ( Figure 7C ) wherein switch RNA, through its ability to fold into G-quadruplex structures, can bind AID and target AID to S region DNA during CSR.
DISCUSSION
Collectively, our results provide strong evidence for the existence of an RNA cofactor in the targeting of AID to S regions during CSR. In this model, guide RNAs derived from the intronic region of germline switch transcripts can form G-quadruplexes or G-quadruplex-like RNA structures that allow association with AID, thereby guiding AID preferentially to the complementary S region DNA in a sequence-specific manner ( Figure 7C) . Identification of two patients with hyper-IgM syndrome, who carry the G133V mutation (Mahdaviani et al., 2012) in the putative G-quadruplex RNA-binding domain of AID that disrupts binding to switch RNAs, further highlights the relevance of the switch RNA:AID interaction in CSR.
The importance of sequence information encoded by guide RNAs for their function indicates that base-pairing-mediated recognition is likely involved. Yet, according to the prevailing R-loop-based model for CSR (Chaudhuri et al., 2007) , the template DNA strand of S regions is stably hybridized to the nascent primary transcript. Thus, the interaction of the RNA:AID complex with the template DNA strand likely requires displacement of the nascent transcripts by the guide RNA molecules. Transcription through the switch regions may be temporally regulated, with a wave of transcription to generate the guide RNAs, followed by a period of transcriptional quiescence at the locus to free the template strand to interact with guide RNAs bound to AID molecules. Alternatively, anti-sense transcription (Perlot et al., 2008) through the IgH locus could expose the sense strand to base pair with guide RNAs. Finally, it is also possible that following R-loop collapse (maybe after RNaseH action or RNA exosome activity (Basu et al., 2011) ), the cDNA strands misalign due to the repetitive nature of S regions and results in exposed stretches of ssDNA (Yu and Lieber, 2003) , providing an ideal seed sequence for guide RNA binding. RNA:RNA base-pairing could also allow guide RNAs to find the S region DNA. Interestingly, the anti-sense switch transcripts appear to be inert in that, while they do not promote CSR, they do not act as decoys and decrease CSR ( Figure 7B ). This suggests that when expressed in trans, anti-sense switch transcripts do not interact with or affect the activity of the guide RNAs and sense germline transcripts. Nevertheless, the possibility remains that anti-sense transcripts may have a role in cis, and that nascent anti-sense transcripts at the switch locus could serve as docking sites for guide RNAs to find their target DNA region. Alternatively, guide RNAs may interact with the nascent sense switch transcripts, perhaps by the same interactions that allow switch RNAs to form G-quadruplex structures ( Figures 2F and 2G) , and thus be localized to the vicinity of their target DNA.
RNA-mediated recruitment of AID to DNA may also have implications for the aberrant targeting of AID to regions outside the immunoglobulin locus. As AID has the ability to associate with RNA by binding G-quadruplex structures (Figures 1 and 2) , AID could potentially associate with other cellular RNA that fold into similar structures, thus mistargeting AID to these other genomic loci. For instance, c-Myc has been reported to be a hotspot for AID activity outside the immunoglobulin locus and contributes to the c-Myc/IgH translocations seen in B cell lymphomas (Nussenzweig and Nussenzweig, 2010) . G-quadruplex structures in DNA have been implicated in CSR (Dempsey et al., 1999) and have also been found in the first exon and intron of cMyc, which correspond to common breakpoints in c-Myc/IgH translocations that involve AID (Duquette et al., 2004 (Duquette et al., , 2005 . Interestingly, examination of a subset of genes that are bound by AID in ChIP sequencing (ChIP-seq) analysis (Yamane et al., 2011) showed that the primary transcripts derived from these genes have greater potential to form G-quadruplexes than RNA transcribed from genes that are not targeted by AID ( Figure S7 ). While AID activity at these non-Ig loci has been attributed to secondary structures in the DNA, it is tempting to speculate that the G-quadruplex RNA molecules derived from this region mediates mistargeting of AID. Additionally, recent studies further revealed that anti-sense and convergent transcription at super-enhancers, especially at these non-Ig hotspots, can facilitate mistargeting by providing single-stranded DNA substrates for AID (Meng et al., 2014; Pefanis et al., 2014; Qian et al., 2014) . The high binding affinity of AID for switch RNA that is in the nanomolar range could potentially facilitate AID to distinguish the switch RNAs from the other RNA species in the physiological setting of the cell. A detailed landscape of transcriptome-wide association of AID will be important to better establish a global map of AID:RNA interactions. However, these studies await generation of crosslinking and immunoprecipitation of RNA-protein complex sequencing (CLIP-seq) or RNA immunoprecipitation sequencing (RIP-seq) grade antibodies and better sequencing approaches to map repetitive sequences before such experiments can be meaningfully undertaken.
Recruitment of AID to S regions by interaction with RNA polymerase II in a co-transcriptional step and by binding to switch RNA molecules in a post-transcriptional step provides two distinct mechanisms by which AID could be efficiently and specifically targeted to the IgH locus during CSR. This two-step recruitment not only ensures the localization of a high density of AID molecules at S regions required for CSR but also provides a means by which this general mutator is sequestered from other regions of the genome. In this regard, S regions in Xenopus are not G rich and RNA transcribed from the Xenopus IgH locus is not predicted to form G-quadruplex structures. It is likely that CSR in Xenopus occurs through a SHM-like mechanism that does not require defined RNA structures (Zarrin et al., 2004) .
In summary, we have uncovered a novel mechanism for the targeting of AID specifically to S regions at the IgH locus during CSR that is based on sequence information encoded in RNA. This study specifies a role for germline transcripts independent of transcription and provides an explanation for the long-standing link between the requirement of splicing and CSR (Lorenz et al., 1995) . RNA-guided processes are emerging as an efficient mechanism to target proteins to defined genomic regions (Tsai et al., 2010; Zhao et al., 2008) , and our findings reveal CSR to be yet another example of this versatile system.
EXPERIMENTAL PROCEDURES
Mice AID À/À mice were a kind gift from Dr. T. Honjo. DBR1 +/À mice were generated at MSKCC transgenic mouse core facility from gene-trapped embryonic stem cell line YTA280 (strain 129P2/OlaHsd) obtained from BayGenomics/ Mutant Mouse Regional Resource Centers. All animals were housed according to the guidelines for animal care of MSKCC Research Animal Resource Center.
RNA Folding and In Vitro RNA Pull-Down Assay RNA folding and pull-down assay were performed as described in Booy et al. (2012) . Briefly, RNAs were folded by heating at 95 C and then allowed to cool passively to room temperature. Purified AID proteins or whole-cell extracts from stimulated CH12 cells were incubated with folded biotinylated RNAs, followed by pull-down with streptavidin beads. Bound proteins and RNAs were analyzed by immunoblot and dot blot, respectively. For details, see Extended Experimental Procedures.
Purification of S1-Tagged Ribonucleoprotein Complexes
Whole-cell extracts were prepared from stimulated CH12 cells that stably express S1-tagged switch RNAs. S1-tagged RNAs and associated proteins were recovered by pull-down with streptavidin beads and analyzed by RT-qPCR and immunoblot, respectively. See Extended Experimental Procedures for more details.
Deamination Assay
Deamination assay was performed as described (Nabel et al., 2012) , using a 5 0 -radiolabeled 30-bp oligonucleotide with a single cytosine as substrate.
Following incubation with MBP-AID proteins, UDG was added, and DNA at abasic sites was cleaved by heating in 0.1 N NaOH. Samples were resolved and analyzed by autoradiography; percentage product formed over time was calculated and normalized to the 0-hr control. The rate of the reaction was calculated from the slope of the curve and plotted against concentration of enzyme. See Extended Experimental Procedures for more details.
Computational Analysis of RNA Sequences
The G-quadruplex prediction software QGPRS Mapper (http://bioinformatics. ramapo.edu/QGRS/analyze.php) (Kikin et al., 2006) was used to assess the G-quadruplex forming potential of RNA sequences. Parameter used are as follows: max length = 45, minimum G-group size = 3, loop size = 0-36. The highest G-score for each primary transcript was noted as the G-score for that sequence.
Circular Dichroism Spectroscopy RNA oligonucleotides (C9orf72 HRE, Sm4G and Sm4Gmut) were folded at 10 mM, while SmF and SmR RNA were folded at 0.5 mM. Circular dichroism (CD) spectra were obtained using an Aviv 202 CD spectrometer 62DS at 25 C, with wavelength scan range of 220-320 nm and path length of 1 mm.
Spectra were subtracted for buffer controls, and smoothing was performed using Prism software by averaging four neighboring points.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and two tables and can be found with this article online at http://dx.doi. org/10.1016/j.cell.2015.03.020.
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